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This dissertation involved a theoretical and experimental investigation of the adhesive 
forces between spherical particles of four different diameters and two selected flooring 
materials under different air velocities.  Previous theoretical work and experiments 
described in the literature tended to be conducted with idealized surfaces, and therefore 
have limited applicability to indoor environments.  Controlled experiments were 
designed, constructed and executed to measure the air velocity required to overcome 
adhesion forces.   The diameters of the particles investigated were 0.5, 3.0, 5.0 and 9.9 
µm, and the flooring materials were linoleum and wooden flooring.  The critical velocity, 
the flow at which 50% of the particles detached, is presented as a function of particle 
diameter for each surface.  The measured values were then compared to empirical and 
theoretical models as well as to a scaling analysis that considers component forces that 
act on a particle-surface system.  The results suggest that critical velocity decreases with 
increasing particle diameter and that existing models have limited applicability to 
resuspension from flooring materials. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

This chapter includes a discussion of the importance of the study of particle-surface 

adhesion on human health (Section 1.2), the objectives of this research and how these 

objectives were achieved (Section 1.3), the primary hypothesis and research outcomes 

(Section 1.4), the layout of this dissertation (Section 1.5), and possible uses for this 

research (Section 1.6). 

 

1.2 Particles, adhesion, and human health 

Predicting indoor pollution levels is increasingly important as people spend more time 

indoors and the health risks associated with the presence of airborne particles increases 

(Samet et al., 1987; Yang et al., 2004).  Americans spend approximately 90% of their 

time in indoor environments (Jenkins et al., 1992; Klepeis et al., 2001).  Since indoor 

particle concentrations for dusts, combustion byproducts, and bioaerosols can be higher 

than outdoor concentrations, and indoor particles can be smaller than outdoor particles 

(Wallace, 1996; Abt et al., 2000), the risk of inhalation is increased.  Studies demonstrate 

exposure to these pollutants increases health risks such as lung cancer and 
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cardiopulmonary disease (Dockery et al., 1993; Abbey et al., 1995; Abbey et al., 1999; 

Laden et al., 2006).   

 

Particle adhesion is important in many fields, including semiconductor fabrication, 

electrophotography, pharmaceuticals, agriculture, and indoor air quality.  Improved 

models for particle motion are needed for better predicting health risks and understanding 

particle transport and deposition indoors.  In any such modeling, parameters describing 

the contribution of particle deposition and resuspension must be included.  To quantify 

these parameters properly, the adhesion forces that act on these particles and surfaces 

should be understood.  The connection between particle adhesion and indoor air quality is 

the focus of this dissertation. 

 

1.3 Objectives 

The objectives for this research included exploring theoretical and experimental work on 

adhesion, designing and conducting experiments to measure the adhesion of a particle to 

surfaces in a moving airflow, and identifying and resolving the differences in the 

theoretical and experimental outcomes.  Particle-surface adhesion forces, particularly for 

real rather than idealized surfaces, are complex phenomena influenced by several 

important parameters, including surface roughness, surface chemistry, contact geometry, 

and the thickness of the absorbed water layer (Cleaver and Tyrrell, 2004).   



3 

 

 

To achieve these objectives, I developed a methodology to test and measure the critical 

velocity for particle-surface systems.  A test duct was used, with measured bulk velocity, 

temperature and relative humidity, to test samples of indoor materials seeded with 

monodisperse polystyrene latex spheres (PSL) of four discrete diameters.  Fluorometric 

measurements were made to quantity the concentration of PSL particles on the surface 

before and after exposure in the duct, in order to determine the number of particles 

removed during exposure.  This difference indicates the relationship between air velocity 

and adhesion.  Results from the test duct were then compared with the model predictions.   

 

1.4 Hypothesis and outcomes 

My hypothesis is that the critical velocity in a particle surface system will increase as 

particle diameter and surface roughness decreases for typical indoor environmental 

conditions. 

 

The major outcomes of this dissertation were threefold: 

1. Experimental data that relates critical velocity as a function of particle diameter 

for two indoor flooring materials.   

2. A comparison of other current theoretical and empirical models to each other and 

to a force scaling analysis. 
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3. A comparison of the models and scaling analysis with the experimental data. 

 

Although some empirical and theoretical work currently exists to predict particle 

resuspension, it has limited application to typical indoor surfaces for three reasons: (1) 

the research uses idealized surfaces; (2) the work includes and measures only some of the 

important parameters; and (3) and the work includes only indirectly measured 

parameters.  This investigation resulted in an improvement in the theoretical and 

experimental understanding of adhesion and its role in indoor air quality. 

 

1.5 Dissertation outline 

In Chapter 2, I discuss previous work on adhesion and critical velocity of particle-surface 

systems and supporting investigations.  Chapter 3 is an overview of adhesion theory, 

including the forces involved, models used in current research, and the theoretical model 

that I use in this work.  Chapter 4 provides details about the experimental apparatus and 

methodology.  Chapter 5 describes the results and discussion of the experiment work.  

Chapter 6 lists the conclusions from this work.   

 

1.6 Research applications 

Research is lacking on particle deposition, adhesion, and resuspension to/from indoor 

surfaces.  My dissertation aims to fill a gap in experimental and modeling knowledge of 
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particle adhesion to indoor surfaces.  Understanding particle adhesion on surfaces is 

useful for reducing indoor airborne particle concentrations and, thus, human exposures.  

Adhesion as a function of particle size and surface material is also useful for 

characterizing indoor particle sources and improving input parameters for indoor air 

quality models. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

 

2.1 Background 

Most studies in the literature quantify particle-surface adhesion as a function of physical 

parameters, such as relative humidity, particle size and surface roughness.  However, 

most investigations of particle-surface adhesion also use ideal surfaces, such as polished 

glass and metals, with relatively small surface roughness and well-characterized particle 

and surface topology.  Adhesion values and models based on experiments using these 

ideal surfaces may have limited utility for particle-surface adhesion on indoor surfaces, 

since real surfaces can have uncharacterized surface energies and roughness, hence the 

need for experiments on real materials.  The implications this research may have on the 

indoor environment could include improved resuspension rates and human exposure 

modeling for respirable particles.  Relevant indoor applications include resuspension of 

particles in HVAC systems, from indoor surfaces near diffusers, and from heavily 

trafficked floor surfaces. 

 

Several particle-surface adhesion studies used wind tunnels with moving air to apply 

aerodynamic forces to overcome adhesion forces on attached particles to quantify 

adhesion.  In several experiments using moving air, air velocities were varied while other 

parameters were held constant until the net aerodynamic force exceeded the net adhesion 
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force, resulting in particles detaching from the surface and entraining into the air stream.  

The air velocity at which the aerodynamic force exceeds the adhesion force, and 

significant particle detachment occurred, is defined as the critical velocity.  This 

dissertation investigated how different particle sizes and surface materials affected 

critical velocities on two types of indoor surfaces.  To put these results in context, this 

chapter describes previous work on ideal surfaces. 

 

Section 2.2 discusses and summarizes previous adhesion force experiments, and 

compares adhesion results of different studies as a function of particle diameter.  Section 

2.3 describes additional experimental investigations on the force of adhesion.  Section 2.4 

describes and summarizes historical investigations of critical velocity, and plots the 

results of critical velocity experiments, also as a function of diameter. 

 

2.2 Previous adhesion force experiments 

This section summarizes research directly applicable to this dissertation conducted to 

date on particle-surface adhesion, including adhesion as a function of particle size, 

relative humidity, and particle and surface compositions.  This section also discusses 

studies that provided important background information, but did not involve adhesion 

parameters in a moving fluid. 
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Results from adhesion studies that have been done vary over several orders of magnitude, 

from less than 0.1 nN to more than 10,000 nN.  The magnitude of this range suggests a 

significant sensitivity of particle-surface adhesion to the physical parameters that 

determine its value.  Table 2.1 presents a summary of results from work on the adhesion 

of particle-surface systems as a function of particle size, particle composition and surface 

composition.  Figure 2.1 plots these same data and includes information about relative 

humidity, given the reported importance of this parameter (Biggs et al., 2002).  The 

individual studies are described in detail in the following text.   

Table 2.1. Previous investigations on force of adhesion of particle-surface systems. 

Source Year Particle/surface d p RH F

[µm] [nN]

Corn 1961 Quartz/pyrex 21-90 40-95 1,500-9,600
Corn and Stein 1965 Glass/glass 37 35-75 6,600-9,600
Rabinovich et al. 2002 Silicon/silicon 2.5 370
Ata et al. 2002 Glass/silver 10 20-70 1-6
Ata et al. 2002 Glass/aluminum 10 50-80 3-6
Biggs et al. 2002 Glass/glass 30 0-95 990-6,400
Jones et al. 2002 Hydrophilic glass/Si 40 10-80 15-69
Jones et al. 2002 Hydrophilic Si/Si 40 10-80 13-41
Mendez-Vilas et al. 2002 Latex/glass 3 39.3
Mendez-Vilas et al. 2002 Glass/glass 3 18.4
Mendez-Vilas et al. 2002 Yttria/glass 10 30.4
Segeren et al. 2002 Toner/Silicon 2 250
Leite et al. 2003 Carbon/mica 0.046 43 25
Cleaver and Tyrell 2004 Glass/glass 37 10-90 3,000-18,000
Takeuchi 2006 Toner/Teflon 10 30-70 3-410
Salazar-Banda et al. 2007 Phosphatic rock/steel 13-45 78-332  
dp = Particle diameter, RH = Relative humidity, F = Force, Si = Silicon 
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Figure 2.1.  Adhesion force as a function of particle diameter and relative humidity for 
studies listed in Table 1.  The size of icons are a function of the relative humidity during 
the investigation (i.e., a larger icon denotes higher relative humidity) 

 

Some of the first attempts to quantify adhesion with application for indoor environments 

were made by Corn (1961).  Corn (1961) measured particle adhesion with a 

microbalance, an instrument capable of making very fine measurements of mass down to 

the microgram range, using quartz, Pyrex, and platinum particles, as a function of particle 

size and relative humidity.  This study demonstrated that the force of adhesion increased 

linearly both with particle size and relative humidity.  He also concluded the same 

particle on the same surface has a range of adhesion values due to the non-homogeneity 
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of particle and surface topologies, and that adhesion decreased with increased surface 

roughness.  An empirical model of these results is compared to other models of adhesion 

in Chapter 3. 

 

In a study using glass spheres and fly ash, Corn and Stein (1966) used a centrifuge to 

quantify adhesion as a function of diameter, relative humidity, surface roughness, and 

static charge.  This experimental study further demonstrated that the force of adhesion 

increased with increasing particle size and relative humidity, and decreased with 

increasing surface roughness.  The authors noted that due to turbulent eddies in the air 

stream reaching below the laminar sub-layer, particle removal increased as a function of 

time of exposure to air streams at increasing velocities.  This research highlights the 

importance of turbulent air flows to particle resuspension.   

 

Another method of quantifying the adhesion force between particles and surfaces is 

through the use of an atomic force microscope (AFM).  The AFM is a high resolution 

scanning probe microscope with nm resolution that uses a deflecting cantilever to 

measure micro- and nano-scale forces.  Rabinovich et al. (2000) constructed a theoretical 

model to predict the magnitude of capillary and dry adhesion forces for silicon particles 

on silicon surfaces.  They suggested the smallest orders of surface roughness dominate 

the magnitude of adhesion because of capillary action.  The authors used an AFM to 

validate the model.  They discovered a significant decrease in the magnitude of the dry 
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adhesion force over a variety of surfaces.  Further, capillary adhesion was significantly 

lower for surfaces with nano-scale roughness.  The critical relative humidity, where 

capillary forces are first noted, increased as surface roughness increased.  The proposed 

mechanism of action of adhesion from relative humidity on particle-surface adhesion 

from this effort was significant for developing a theoretical explanation of adhesion, 

which also included surface roughness and turbulence intensity.  A similar study was 

conducted by Leite et al. (2003) using an AFM to quantify the adhesion as a function of 

surface roughness and relative humidity for carbon particles on mica surfaces.  This 

research was important for elucidating a proposed mechanism of action for adhesion from 

surface roughness and heterogeneities.   

 

Biggs et al. (2002) used an AFM to measure adhesion between glass particles on glass 

surfaces, while varying relative humidity.  They reported pull-off forces that were less 

than what adhesion theories predicted.  The pull-off force is defined as the force required 

to separate two surfaces in contact.  They also found that the adhesion between the 

surfaces did not significantly change for relative humidities less than 60%.  Above 60% 

relative humidity, adhesion increased by nearly an order of magnitude.  The authors 

suggest a formation of a water capillary ring between the particle and surface caused the 

increase in adhesion.   

 



12 

 

Jones et al. (2002) used an AFM to measure the pull-off force between hydrophilically 

and hydrophobically treated flat glass and silicon wafers, as well as silicon tips and glass 

microspheres.  Adhesion forces are the actual intermolecular forces keeping surfaces in 

contact.  Hydrophilic conditions were defined as the contact angle of a drop of distilled 

water on the treated surface being equal to or less than 10-15 degrees, while hydrophobic 

conditions were defined as the contact angle of a drop of distilled water on the treated 

surface as equal to or greater than 40 degrees.  Under hydrophilic conditions, the 

adhesion forces increased uniformly as a function of relative humidity.  For a hydrophilic 

silicon surface and a small silicon tip (radius 20 nm), Jones et al. (2002) observed that the 

force of adhesion increased as a function of relative humidity, from about 10 nN at 5% 

relative humidity to a maximum value of 45 nN at 70% relative humidity.  The force of 

adhesion for a large tip was roughly 4 nN at 0% relative humidity, and increased up to 

7.5 nN at approximately 90% relative humidity.  This research provided insight on the 

quantifiable impact of relative humidity on particle-surface adhesion.   

 

Mendez-Vilas et al. (2002) used an AFM to acquire force curves for three kinds of 

particles (latex, glass and yttrium) to study the impact of a glass surface topology on 

adhesion.  They noticed dramatic decreases in adhesion when contact between the AFM 

tip and particles occurred away from the top of the particle zenith.  They also noted a 

correlation between the surface roughness and an increase in the uncertainty of adhesion 
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values.  This research provided insight into the impact surface roughness has on particle-

surface adhesion. 

 

Segeren et al. (2002) attached µm-sized particles to AFM cantilevers and measured the 

pull-off force of individual silicon particles on selected substrates.  Segeren et al. (2002) 

commented on the difficulty of using current theoretical models to accurately predict 

adhesion due to interrelated effects, including particle and surface properties and 

roughness, triboelectric and friction-induced, charges, temperature and relative humidity.  

Segeren et al. (2002) also reviewed the previous ten years of adhesion studies using 

AFMs and suggested the discrepancies in results and theoretical work can be resolved 

based on current efforts to quantify the particle surface actual contact area. 

 

Cleaver and Tyrrell (2004) measured the adhesion force between glass particles and 

surfaces using an AFM.  Adhesion values for glass-glass and gold-gold systems ranged 

between 2000 nN and 6000 nN for 40 µm-diameter particles.  At high humidities, they 

found force-separation curves, the value of adhesion as a function of distance from the 

particle to the surface, exhibited an extended pull-off region, a distance from the surface 

greater than a few Angstroms, suggesting that the adsorbed water film is mobile.  This 

adsorbed film may effectively reduce the adhesion by increasing the volume of the liquid 

bridge as the researchers pulled the surfaces apart.  This phenomenon may explain why 

some reports show decreases in adhesion at high humidity.  Cleaver and Tyrrell (2004) 
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also discovered in several of their experiments an increase in adhesion near relative 

humidities of 40%.  They explained this result may be an artifact of minerals in the water 

precipitating out at these relative humidities, resulting in additional covalent bonding 

between the particle, the surface and the precipitates.  

 

Takeuchi (2006) performed a series of experiments to measure adhesion forces of toner 

and polymer particles to aluminum substrates using centrifugal, detachment field and 

microelectrode detachment methods. The toner used was a powder commonly used in 

laser printers and photocopiers.  Although original particle sizes of toner averaged 14-16 

µm, particle size has now been reduced to 8-10 µm to improve resolution for 600 dots per 

inch devices.  Takeuchi (2006) determined adhesion forces of toner particles increased 

with an increase in particle size or particle charge, the adhesion force of an irregularly 

shaped toner particle was larger than that of a spherical toner particle of the same size and 

with the same charge.  Mean adhesion forces decreased with an increase in surface 

roughness of the substrates.  Takeuchi (2006) also discussed the relative contribution of 

several adhesion components.  For example, these studies revealed electrostatic forces are 

usually predominant for moderately charged particles deposited on a plastic sheet at a 

low relative humidity, van der Waals forces are predominant for the moderately charged 

particles deposited on metal substrates at a low relative humidity, and surface tension 

force is most predominant at high relative humidities. 
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Salazar-Banda et al. (2007) used a centrifuge to measure the particle-surface adhesion 

between stainless steel and phosphatic rock.  Results from these investigations indicate 

adhesion increased linearly as a function of particle size, suggesting van der Waals forces 

predominated using this method.  Results were then compared to the 1975 Derjaguin-

Muller-Toporov (DMT) adhesion model, and found to be close to predicted values.   

 

Jang et al. (2004) conducted a theoretical investigation of adhesion of 0.022 µm particles 

(much smaller than most of the other studies described above) using the µ-integration 

method, a measure of the chemical potential, and density functional theory, a quantum 

mechanical description of the electronic structure of a system, to characterize the force of 

adhesion.  They also investigated the uncertainties involved in measuring the force of 

adhesion.  Jang et al. (2004) calculated the force of adhesion between particles and 

surfaces with different hydrophilicities and concluded, for hydrophobic particles, that 

adhesion was nearly zero until the system reached a critical relative humidity of 30%.  At 

25% relative humidity, Jang et al. (2004) noted an increase in the adhesion, and by 35% 

relative humidity, the adhesion force was constant.  Jang et al. (2004) postulated that the 

region where the force was negligible was due to the fact there was no water bridge, 

resulting in no capillary, or surface tension, force.  With weakly hydrophobic particles, 

they observed a nearly linear increase of adhesion with respect to relative humidity.  The 

adhesion for strongly hydrophilic particles increased linearly and rapidly until a peak 

value (in the case shown, 30% relative humidity) and decreased afterwards as relative 
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humidity continued to increase.  This research provided an analytical model for the 

impact of relative humidity on particle-surface adhesion, and included the significant 

parameters and their orders.  This study assumed very small particles (dp < 0.1 µm) and 

thus had limited comparability with other investigations. 

 

2.3 Other force of adhesion experiments 

Several other experimental efforts of particle-surface adhesion systems were reviewed.  

Although these provided valuable information regarding the nature of adhesion, they did 

not explicitly report adhesion as a function of particle size, and thus were not included in 

Table 2.1 or Figure 2.1.  

 

Corn and Stein (1965) used an ultracentrifuge and a high velocity air stream to measure 

particle adhesion for glass beads, fly ash, and atmospheric dust on a glass substrate.  

Since the density and shape of the atmospheric dust varied over wide ranges, the authors 

were unable to calculate the air drag or specific adhesion forces.  They determined 

particle-surface adhesion was a function of several factors including surface 

contamination, surface microstructure, and substrate and particle composition. 

 

Heim et al. (1999) used an AFM to measure the adhesion between two particles.  This 

study provided an explanation of adhesion models and the impact associated with surface 
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roughness and energies.  Fuji et al. (1999) used an AFM to study the relationship 

between wettability and the adhesion force between silica particles as a function of 

relative humidity.  In their experiments, they found the absence of capillary condensation 

resulted in a reduction in the increase in the adhesion force at higher relative humidities 

between particles.   

 

Phares et al. (2000) provided background in adhesion theory and experimental 

procedures for particle-surface systems.  Phares et al. (2000) discussed DMT and JKR 

adhesion models (discussed in detail in Section 3.3), kinetics of particle detachment, and 

sample preparation and set-up.  Threshold shear stresses were determined from removal 

patterns as a function of particle diameter. 

 

2.4 Previous critical velocity experiments 

This section describes experimental investigations of critical velocity, the velocity at 

which particles detach from a surface.  If a particle-surface system is subjected to 

aerodynamic forces and moments, as a result of exposure to a discrete free-stream 

velocity and turbulence, greater than the forces and moments causing it to adhere, the 

particle will detach and entrain into the fluid field.  At the critical velocity, the drag force 

is sufficient to overcome the adhesion force.  The critical velocities for several studies are 

in Table 2.2 and Figure 2.3, which shows the average critical velocity of particles as a 
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function of particle diameter and particle and surface material.  The wide range of results 

is supported by Fuchs (1964) who found that many factors that cannot be measured can 

have a strong influence on critical velocity.  The individual studies are discussed below. 

 

Table 2.2. Previous investigations on critical velocity of particle surface systems 

Source    Year Particle/surface dp  vc 

        [µm]  [m/s] 

 
Bloomfield and Dalavalle1 1935 Quartz/na  10-1,000 0.005-5 
Fuchs    1964 Corundum/glass 70-1,000 6.5-7.8 
Fuchs    1964 Corundum/iron  70-1,000  
Braaten et al.   1990 Spores/glass  28  9.0 
Wu et al.   1992 Spores/glass  30  6 
Postlethwaite and Nesic  1993 Sand/aluminum  430  3.3 
Xuan and Robins  1994 Coal/coal  10  3.8-6 
Nicholson   1988 Sand/sand  20  0.05 
Theerachaisupkij et al.  2002 Alumina/glass  3-10  5-11 
Ibrahim    2004 Steel/glass  70  3.4-13.4 
Ibrahim    2004 Glass/glass  32-72  5.5-16.6 
Badr et al.   2005 Sand/steel  10-400  5- >10 
1As cited in Fuchs (1964) 
dp = Particle diameter, vc = Critical velocity; relative humidity was varied in Ibrahim (2004). 
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Figure 2.2.  Critical velocity as a function of particle diameter and relative humidity for 
studies listed in Table 2.2. 

 

For particle-surface adhesion experiments using a moving fluid, Fuchs (1964) discussed 

the difficulties in quantifying detachment due to the absence of reliable data on the 

molecular forces and the uncertainty of the force exerted by air current on particles.  

Fuchs (1964) and Ibrahim (2004) indicate detachment of particles from surfaces nearly 

always occurs after initial particle rolling or slipping across the surface, due to the 

horizontal aerodynamic forces acting on the particle being greater than the vertical 

component.  Further, Fuchs (1964) states critical velocity increases as particle diameter 
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decreases, and that most theoretical treatments assume ideally smooth particles and 

surfaces, and cannot be used for practical calculations.   

 

Xuan and Robins (1994) used a wind tunnel to investigate the effect of turbulence 

intensity and topology on emissions from coal piles.  Their results indicated turbulence 

intensity and complex surface topology have a significant impact on coal emissions and 

deposition, in particular decreasing the critical velocity. 

 

Using stainless steel balls on glass surfaces in a wind tunnel, Ibrahim (2004) listed five 

factors that affect critical velocity.  They included surface adhesion energy, particle 

diameter, turbulence intensity, the ratio of rough pull-off force to smooth pull-off force 

from previous AFM studies), and electromagnetic forces.  Ibrahim (2004) determined the 

particle diameter and surface adhesion energy were the two greatest influences on net 

particle-surface adhesion.  Ibrahim et al. (2004a) also explored the limitations of 

experiments that use a moving fluid, and noted the time between sample seeding and 

exposure to the fluid field, the acceleration of the fluid field to a constant velocity, and 

particle density were important factors influencing adhesion results.  Other experimental 

design considerations for critical velocity included relative humidity, final free-stream 

velocity, and final flow Reynolds number.  Ibrahim et al. (2004b) reported deposition 

density was an important parameter that reduced adhesion at all relative humidities 

investigated.  Further, residence times were found to be the most effective factor that 
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reduced adhesion values at high humidities.  Finally, critical velocities increased with 

increasing relative humidities and decreased for turbulent flow versus laminar flow.  

 

Badr et al. (2005) investigated the effects on turbulent flow on erosion of particles in a 

pipe.  Mathematical models for the calculations of the fluid velocity field and the motion 

of the solid particles under these conditions were derived and compared with 

experimental results.  The results indicated a strong dependence of erosion on particle 

diameter and fluid velocity, and also indicated the existence of a threshold velocity below 

which erosion is insignificant for all particle sizes. 

 

Theerachaisupakij et al., (2002) studied the particle deposition and reentrainment on a 

vibrating wall using digital video equipment.  Results demonstrated that wall vibration 

was effective to increase particle reentrainment.  The critical velocities for each particle 

size studied decreased with increasing vibration acceleration and particle diameter.  Also, 

results showed that at a velocity below the critical velocity, wall vibration increased the 

amount of particles deposited on the wall.  

 

Braaten et al., (1990) investigated Lycopodium spores resuspension from a surface using 

turbulent fluid forces by observing intermittent resuspension processes in fully-developed 

turbulent boundary layer flow.  Experimental trials were conducted at 6.0, 7.5 and 9.0 
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m/s for 35 min.  Particle resuspension was observed to occur in discrete and intermittent 

events, and with an exponential decay.  A Monte-Carlo model was used to simulate the 

resuspension process and successfully reproduced many the observed features of particle 

resuspension.  

 

2.5 Summary 

This chapter presented some background previous studies of the force of adhesion and 

critical velocity, and also discussed some of the limitation of these studies for use for 

indoor environments.  This chapter also discussed and summarized previous adhesion 

force and critical velocity experiments, and compared force of adhesion and critical 

velocity results of several selected studies as a function of particle diameter.  The 

following conclusions can be made from synthesis of the background of the force of 

adhesion and critical velocity in the literature. 

 

1) Particle size, surface roughness, relative humidity and turbulence intensity play 

significant roles in the adhesion between particles and surfaces.  In general, as relative 

humidity and particle size, so does the magnitude of particle-surface adhesion.  As 

surface roughness increases, the magnitude of particle surface adhesion decreases.   
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2) Other previous measurements of both adhesion force and critical velocity suggest a 

wide range of results and the previous data show no consistent relationship with particle 

diameter for either parameter. 

3) Particle-surface adhesion is also a function of several factors including surface 

contamination, surface microstructure, and substrate and particle composition. 
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CHAPTER 3 

MODELING FORCE OF ADHESION AND CRITICAL VELOCITY 

 

3.1 Introduction 

The major focus of this chapter is describing several models that predict force of 

adhesion and critical velocity, comparing the results of these models, as well as 

examining their applicability and limitations for resuspension from typical indoor 

surfaces.  Both theoretical and experimentally-derived empirical models are used to 

describe particle-surface adhesion.  Theoretical, or analytical, models use first principals 

and derive functions using assumptions and boundary conditions.  Experimentally-

derived, or empirical, models are generally the result of fitting curves from experimental 

data and generating a functional form.  These models can also differ in their use of 

different parameters and approaches, including comparing lift and drag forces on a 

particle attached to a surface, lift and drag moments on a particle attached to a surface, 

and the force of adhesion as a function of diameter, temperature, relative humidity, 

surface roughness, particle roughness, surface and particle type, and shear rate and 

turbulence intensity.   

 

This chapter describes models of forces in adhesion and critical velocity in particle-

surface systems.  I compare models using data from previous experiments using ideal and 
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real materials, develop a scaling analysis to investigate the magnitude of different forces, 

and apply a Buckingham Π analysis to examine relationships on dependent variables  

This chapter describes force of adhesion models (Section 3.2), develops a force of 

adhesion scaling analysis (Section 3.3), compares models (Section 3.4), describes critical 

velocity models (Section 3.5), presents adhesion-critical velocity models (Section 3.6), 

and provides a Buckingham Π analysis for adhesion (Section 3.7),  

 

3.2 Components of adhesion force 

There are several forces in a static particle-surface system which combines to result in a 

net adhesion force.  These four principal forces include gravity, the van der Walls force, 

the electrostatic force, and the surface tension force.  Each of these forces are described 

and compared below. 

 

3.2.1 Gravitational force 

As with all matter, there exists a gravitational (attractive) force between all mass in a 

particle-surface system.  Figure 3.1 is a schematic of the gravitational force of an 

idealized particle-surface system in a static environment.  For particle-surface systems in 

this research, the gravitational force is a function of the mass of the particle, the 

acceleration due to gravity and the orientation of the surface.  
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Figure 3.1.  Force of gravity in an idealized particle-surface system.  

 

The magnitude of the force of gravity is calculated by 

mgFg =     (Eqn. 3.1) 

Where Fg is the force due to gravity, m is the mass of the particle and g is the 

gravitational acceleration of the earth. 

 

3.2.2 van der Waals force 

Another important component of adhesion is the van der Waals force, which is also 

known as the London force.  The van der Waals force is electromagnetic in nature.  

Atoms that make up a given molecule share electrons, and form an electron cloud 

surrounding the molecule.  Integrated over time, this electron cloud, described quantum 

mechanically by a probability distribution function, is uniformly distributed around the 

Fg 
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molecule.  In a uniformly distributed condition, no electromagnetic dipoles exist.  A 

dipole is two electric charges or magnetic poles, of equal magnitude but of opposite sign 

or polarity, separated by a small distance.  Due to the statistical nature of quantum 

mechanics, a probability exists such that the electron probability distribution function 

surrounding the molecule will, for brief periods of time, become denser on one side and 

less dense on the other.  This spatially non-uniform distribution causes one side of the 

molecule to momentarily have a more negative electromagnetic charge distribution than 

the other.  The difference in magnitude between the more negatively charged side of the 

molecule and the more positively charged, opposite side results in an electromagnetic 

dipole.   

 

Although this phenomenon occurs infrequently and for relatively brief periods of time, if 

other molecules are nearby, the electromagnetic dipole can induce opposite but 

symmetric dipoles in surrounding molecules.  These dipoles generate an electromagnetic 

field which propagates non-dissipatively throughout the surrounding molecular matrix 

(French, 2000).  Because opposite charges attract each other via electromagnetic 

radiation, the negatively charged end of the first molecule and the positively charged ends 

of nearby molecules attract each other.  The result of this net attraction is called the van 

der Waals force.  
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The magnitude of the van der Waals force is a function of the particle diameter, the 

distance between the particle and the surface, and the Hamaker constant.  The Hamaker 

constant is material-dependent and is determined through spectral analysis.  The van der 

Waals force is considered a long-range force, up to 4 nm, and occurs between contacts in 

asperities between the particles and surface (French, 2000).  Figure 3.2 is a schematic of 

the van der Waals force between a particle and surface in particle-surface system.  

 

Figure 3.2.  Schematic of the van der Waals force.  

 

The magnitude of the van der Waals force is calculated by 

212x

Ad
F

p

vdW =     (Eqn. 3.2) 

Where Fvdw is the van der Waals force, A is the Hamaker constant which, for example,  

can range from 1.0×10-20 J for calcium fluoride to 15×10-20 J for sapphire, dp is the 

FvdW 

--- ++

++ --- -- 
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diameter of the particle, and x is the averaged distance of separation between the particle 

and the surface.   

 

3.2.3 Electrostatic force 

The electrostatic force is a consequence of the condition that most particles greater than 

0.1 µm carry a small net charge (Hinds, 1999), which induces an equal and opposite 

charge on a nearby surface.  This force is also considered long-range, generally reaching 

up to 1 µm (Jones et al., 2002).  Figure 3.3 is a schematic of the electrostatic force in an 

idealized particle-surface system, where the particle has a small net charge and the 

surface has an induced equal and opposite charge. 

 

 

 

 

Figure 3.3.  Schematic of the electrostatic force in an idealized particle-surface system. 

FE 

--- 
--- --- 

+++ +++ 
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The magnitude of the electrostatic force can be calculated by 

 

 

   (Eqn. 3.3) 

 

Where FE is the magnitude of the electrostatic force, ε0 is the permittivity of free space 

constant, q is the magnitude of the electrostatic charge and xq is the separation distance 

between the two charges.  The separation distance between the charges may be different 

from the separation distance between the surface of the particle and the substrate surface. 

 

3.2.4 Surface tension 

Under nearly all indoor ambient conditions, water molecules surround, and are attached 

via hydrogen bonding to, particles and surfaces.  A hydrogen bond is an attractive 

interaction between electronegative molecules and hydrogen atoms bonded with another 

electronegative atom (i.e., water).  When a particle and surface come into contact, the 

water molecules bond to create a surface tension force.  Figure 3.4 is a schematic of the 

surface tension force for an idealized particle-surface system. 
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Figure 3.4.  Schematic of the surface tension force, including water meniscus. 

 

The surface tension force for an idealized particle-surface system with relative humidities 

greater than 90% is calculated by 

pS dF πγ2=     (Eqn. 3.4) 

Where γ is the surface tension of the liquid.  The role of surface tension in lower humidity 

environments is considerably more variable due to the fact that the liquid water layer on 

the surface is much less likely to be continuous. 

 

3.2.5 Relative strengths of the components of the adhesion force 

To design experiments to measure the force of adhesion in a particle surface system, it is 

important to determine the relative strength of the components of the adhesion force.  

Figure 3.5 compares the components of adhesion: van der Waals, gravity and electrostatic 

forces, including their high, typical (or average) and low values for a 9.9 µm diameter 

Fs 
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particle.  How the high, typical (or average) and low values were determined, and the 

relative and absolute strengths of the components of the adhesion force for other particle 

diameters are discussed below.  Surface tension was not included in the scaling analysis 

described below since the model was not verified for relative humidities < 90%. 
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Figure 3.5.  Comparison of force of adhesion components for 9.9 µm diameter particle on 
a surface.  Proportionally similar results were found for 0.5, 3.1, and 5.0 µm diameter 
particles.  Analysis of surface tension is included in this figure, but not for comparison 
with other adhesion force models, since the model has only been verified for relative 
humidities greater than 90%. 

 

The high, medium and low values for the gravitational components for a given particle 

diameter were identical since the force of gravity is a function of mass.  For the 

gravitational component, a density of 1,005 kg/m3 was selected since that was the density 

of the PSL particles used in the experiments described in Chapters 4 and 5.   
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High, medium and low values for the van der Waals force were determined by selecting 

the largest, average and lowest values for the Hamaker constants for solids found in the 

literature.  Calcium fluoride and mica in very humid environments were selected as the 

low and medium values, respectively.  The Hamaker constant for sapphire was selected 

as the high value.   

 

The high, medium and low values for the gravitational force were equal for each particle 

diameter, since only one density for PSL (ρ = 1,005 kg/m3) was used in this research.  

The model for surface tension has been validated only for relative humidities greater than 

90%, so subsequent comparisons of scaling analysis with other adhesion force models do 

not include the surface tension component. 

 

For the electrostatic component, the typical charge on a particle was selected using the 

Boltzmann distribution of charges.  The low value for a charge was determined by 

assuming only 1 in 10 particles had the typical charge. The high value for a charge was 

determined using the 90% value of the number of charges as a function of particle 

diameter. 

 

Disregarding surface tension, Figure 3.5 shows that the van der Waals force is the most 

significant component in the scaling analysis, followed by the electrostatic force.  The 
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gravitational component appears not to have a substantial impact on the net adhesion 

force.  This trend applies to all other particle diameters (dp = 0.5, 3.1, and 5.0 µm) 

studied. 

 

3.3 Force of adhesion models 

This section describes important models used to estimate the force of adhesion in 

particle-surface systems.  These models are then compared with each other as well as 

with the results from the scaling analysis, described in Section 3.2.5. 

 

Johnson et al. (1971) proposed a model (JKR) for quantifying the pull-off force that 

recognized the contribution of the tensile and compressive properties of the materials in a 

particle-surface system.  The JKR model describes the adhesion force as a function of the 

thermodynamic work of adhesion and the particle diameter.  The application of this 

model is limited to materials with low elastic moduli and with high surface energies (i.e., 

soda-lime glass and aluminum).  The elastic modulus is defined as the limit, for small 

strains, of the rate of change of stress with strain, where stress is the internal distribution 

of forces within a body that balance and react to the loads applied to it, and strain being 

the geometrical expression of deformation caused by the action of stress on a physical 

body.  Important assumptions in the JKR model include elastic deformations, small 

contact radius compared to particle radius, and no long-range interactions (i.e., greater 



35 

 

than 4 Å).  Equation 3.5 describes the force of adhesion that results from the JKR model, 

FJKR. 

pAJKR dWF π
4
3

=    (Eqn. 3.5) 

Where WA is the thermodynamic work of adhesion.  The thermodynamic work of 

adhesion, WA, is described in Equation 3.6. 

2
012 z

A
WA

π
=     (Eqn. 3.6) 

Where z0 is the minimum separation distance of the particle and surface.  The minimum 

separation distance, z0, is normally assumed to be 4×10-10 m (Phares et al., 2000).  

 

Derjaguin et al., (1975) derived the DMT pull-off force for a particle on a surface, which 

is also a function of the thermodynamic work of adhesion and the particle diameter.  This 

model is applied to systems with higher elastic moduli and lower surface energies.  In 

both models, the magnitude of the force of adhesion in a particle-surface system is a 

function of the contact area, the shared surface between the particle and surface.  For a 

spherical particle on a flat surface, the contact area can be described by the contact 

radius.  Since the assumptions regarding contact area of each model are different, the 

contact radius is also defined differently for each model.  While the DMT model assumes 

the particle and surface detach when the contact radius of the particle is zero, the JKR 
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model assumes the particle detaches from the surfaces at a non-zero contact radius equal 

to 

3/1
0

4

a
acr =     (Eqn. 3.7) 

Where a0 is the contact radius at force equilibrium, and is a function of the elastic 

properties of both the particle and surface.  Equation 3.8 describes the JKR contact radius 

at force equilibrium. 
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Where E is the elastic modulus and σ is the Poisson ratio.   

 

Despite using different assumptions, the difference between the JKR and DMT adhesion 

force equations is a constant factor of ¾ (Rabinovich et al., 2002).  Equation 3.10 

describes the DMT force of adhesion. 

pADMT dWF π=    (Eqn. 3.10) 
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In 1980, Muller et al., applied linear elastic fracture mechanics to obtain a more general 

theory than JKR and DMT (Yang, 2003).  JKR-type systems (large particle, low 

modulus, high surface energy) and DMT-type systems (small particle, high modulus low 

surface energy) are special cases of the MYD theory (Shi and Zhao, 2004). 

 

Tsai et al. (1991) introduced the TPL model for the force of adhesion, which used the 

conservation of energy and force equilibrium to derive a relationship between elastic 

flattening of surfaces and van der Waals force.  The TPL force of adhesion is described in 

Equation 3.11.   
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Brach and Dunn (1995) refined the JKR model by assuming the force of adhesion acted 

over the circumference of the particle surface contact area.  Equation 3.13 describes the  

Brach and Dunn force of adhesion model. 
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3.4 Comparison of force of adhesion models 

To design experiments to measure the force of adhesion in a particle surface system, it is 

important to determine the relative strength of the sum of the components of the adhesion 

force, and compare this sum with other adhesion force models.   

 

Figure 3.6 is a plot of the high, typical (or medium) and low values for the sum of 

components of adhesion, Corn (1961) and the JKR-DMT models.  The black line for a 

given model is the typical or medium value.  The grey lines above and below the black 

line are the high and low values for that model, respectively.  The solid lines represent the 

sum of the components of the force of adhesion, the single dashed lines represent the 

Corn (1961) model, and the double-dot lines represent the combined JKR-DMT model.  

The JKR and the DMT models were combined into one line due to their similar values 

and trends. 
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Figure 3.6.  High, typical (or medium) and low values for the sum of components of 
adhesion (solid lines), Corn (1961) (single-dashed lines) and the JKR-DMT models 
(double-dot lines), for 0.1 µm < dp ≤ 100 µm. 

 

The following explains how the high, medium and low values were determined for each 

of the models plotted in Figure 3.6.  For the adhesion scaling analysis, high, medium (or 

typical) and low values for the components of adhesion force followed the procedure 

described in Section 3.2.5.  For the JKR-DMT (1999) values, realistic high, medium and 

low values for the Hamaker constant were selected similar to as was done in Figure 3.2.5.  

For the Corn (1961) data, high, medium and low values of relative humidity of 75%, 50% 

and 25%, respectively, were selected.   

 

It is important to note the similarity of the trends for each of the models.  Although 

results for the JKR-DMT model are less than the results for the Corn (1961) and the sum 
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of the force of adhesion components, the predicted force of adhesion as a function of 

particle diameter are similar.  The difference between the typical and the high and low 

values for the JKR-DMT models are also relatively much larger than that for the Corn 

(1961) and sum of the force of adhesion component.  This is largely due to the fact that 

different input parameters and ranges of those parameters are used for each model.   

 

3.5 Forces in a moving fluid 

For a particle-surface system in a moving fluid, a net drag force is created and resists 

movement with the fluid.  The net drag force is the summation of frictional forces on the 

particle which act in a direction parallel to the particle's surface and opposite to the 

direction of fluid flow.  The force of drag on particle suspended in a fluid is (Phares et 

al., 2000):  

22

8
udCF pgDd ρ

π
=    (Eqn. 3.14) 

Where CD is the coefficient of drag, ρg is the gas density, dp is the particle diameter, and u 

is the bulk velocity of the air. 

 

Particles in a shear flow also experience a lift force perpendicular to the direction of flow 

and surface.  This lift force, also known as the Saffman lift force, comes from the inertial 
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effects of the fluid flow around the particle.  The lift force on a particle attached to a wall 

(Leighton and Acrivos, 1985) in a linear shear flow is: 

2

44
*58.0

ν

ρ pg

L

du
F =    (Eqn. 3.15) 

Where u* is the friction velocity and υ is the kinematic viscosity of air. 

In a particle-surface system in a fluid field, in order for a particle to detach from the 

surface and entrain into the flow, the following condition must be met: 
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F
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rr

    (Eqn. 3.16) 

Where Fadh is the force of adhesion.  Since the drag force is much greater than the lift 

force (Phares, 2000), when the FD is greater than the Fadh, the particle will detach from 

the surface.  The following sections describe measurements of Fadh. 

 

Figure 3.7 depicts the adhesion (Fadh), lift (FL) and drag (FD) forces that act on a particle 

attached to a particle in a shear flow. 
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Figure 3.7.  Adhesion, aerodynamic lift and drag forces on a particle in shear flow. 

 

Note that since the static and dynamic friction forces for very small particles is much less 

than the force of adhesion, due the mass of the particle.  The lift force is also much less 

than the drag force (Phares et al., 2000).  Thus drag is the only significant force necessary 

to overcome adhesion for a particle surface system in shear flow.   
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3.6 Comparison of critical velocity and adhesion models 

Although different methods have been used to measure particle removal from surfaces, a 

frequently used approach was to vary air speeds in wind tunnels.  Thus, the character of 

the velocity near a surface is an important parameter that influences particle entrainment. 

 

In fluid dynamics, near a solid boundary air flow has a defined structure known as the 

boundary layer.  Two important features of this air flow are: (1) that the air velocity at the 

boundary is zero due to the fluid’s viscosity, and is defined as the no-slip condition; and 

(2) the air velocity is constant at a discrete distance from the wall and is defined as the 

free stream velocity.  Consequently, between the wall and where the air speed becomes 

constant, the air velocity varies as a function of distance from the wall.  This change of 

velocity as a function of distance from the wall, or boundary, is defined as shear. 

The velocity that considers and characterizes boundary layer turbulence is called the 

shear, or friction, velocity, where 

*uurms ≈    (Eqn. 3.17) 

and 

*/5 uvs =δ    (Eqn. 3.18) 
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Where rmsu  is the root mean square velocity, *u  is the friction velocity, v  is the vertical 

velocity and sδ  the laminar sub-layer where no turbulence exists.  The shear velocity can 

also be calculated by 

ρ

τ
=*u    (Eqn. 3.19) 

Where  τ is the wall shear stress and ρ is the fluid density.   

The critical velocity is the velocity of a moving fluid over a particle-surface system that 

generates drag and lift forces greater the force of adhesion, and results in the particle 

detaching from the surface and entraining into the fluid, or rolling over the surface.  This 

section relates the drag and lift forces on a particle in a particle-surface system in a 

moving fluid to critical velocities. 

 

Eqns. 3.14 and 3.16 can be combined, and by assuming FL is much smaller than FD 

(Phares et al., 2000), the critical velocity of detachment, vc: 

2

8 pgD

adh

c

dC

F
v

ρ
π

=     (Eqn. 3.20) 

The following sections describe previous research that has measured vc.  

Adhesion experiments using wind tunnels generally used either the free stream velocity 

or shear velocity (Ibrahim, 2004) for when reporting critical velocities. 
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To design experiments to measure the critical velocity for particle-surface systems, it is 

important to determine the values of the critical velocity models, including the sum of the 

components of the adhesion force and other models, and compare their relative 

magnitudes with each other.  This will also aid in determining whether the experimental 

design is appropriate and the results from experiments realistic and meaningful.   

 

Figure 3.8 is a plot of the critical velocities of particle-surface systems as described by 

Fuchs (1964) and the sum of adhesion component scaling analysis described in Section 

3.2.5. 
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Figure 3.8.  Critical velocities of particle-surface systems as described by Fuchs (1964),   
v Fuchs (1964) (solid line), and the scaling analysis, vScaling analysis (dashed line), using the sum 
of adhesion components described in Section 3.2.5 

 

The solid black line represents the Fuchs (1964) rolling model, and predicts the critical 

velocity decreases as a function of particle diameter.  Conversely, vScaling analysis, the 

critical velocity using the sum of the components model, predicts the critical velocity of a 

particle-surface system increases as a function of diameter.   

 

There is an alternate model for relating the force of adhesion to critical velocity.  

Vainshtein et al. (1997) presented a model that combined the force of adhesion and the 



47 

 

fluid velocity needed to overcome the adhesion of a particle-surface system.  They used 

the JKR model and assumed both the drag force and the moment of the drag force must 

be greater than the tangential adhesion force and the moment of the tangential adhesion 

force for particle separation to occur.  Important parameters needed in this model include 

the dynamic viscosity of the fluid, the shear rate of the fluid, and the elastic constant, 

which is a function of Poisson’s ratios and Young’s moduli for the particle and surface.  

Eqn. 3.22 is the ratio of the tangential adhesion and the drag force 
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pd

a ∆
=    (Eqn. 3.21) 

Where ∆γ is the surface energy, µ is the dynamic viscosity, and γ&  is the shear rate.  This 

model was not used in this dissertation because of limited knowledge of the surface 

energy and shear rate. 

 

3.7 Buckingham Π analysis for adhesion 

Buckingham Π analysis is a systematic method of dimensional analysis, where variables 

relevant to physical phenomena are formed into Π groups.  A Buckingham Π analysis on 

the force of adhesion, after a literature review, to determine how the force of adhesion 

appeared to vary as a function of several physical phenomenon, including particle 

diameter, relative humidity, material properties and electrostatic charge. 
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Because the number of Π groups equals the original number of variables minus the 

number of fundamental dimensions present in all the variables, the Buckingham Pi 

analysis reduces the degrees of freedom for the system, and is to inform the design of 

experiments.  Fundamental dimensions include mass length, time, temperature, and 

electrostatic charge.  All other dimensions can be formed from combinations of these 

fundamental dimensions (Stull, 1988). 

 

Buckingham’s Π theorem states that physical laws are independent of the form of units. 

From this and the nomenclature, the following variables can be put into a dimensionless 

form: 

A [ML2/T2]  
F  [ML/T2]  dp [L] 

x1 or x2 [L]   γ [M/T2]   
ρ [M/L3] 

where F is force, x1 is separation distance, x2 is the height of a surface roughness element, 

and ρ is the air density. 

In Chapter 2, a literature search on the particle-surface adhesion revealed four 

fundamental forces are significantly involved in the net adhesion force between a particle 

and a surface.  They are gravity, van der Waals, surface tension and the electrostatic 

force.  Thus 
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),,,,,,( 11 xqxAdfFadh γρ=     (Eqn. 3.22) 

There are seven variables (n = 7), and the repeating variables are: ρ, d and γ (k = 3).  

Therefore, n –k = 4.  Thus, we have four pi variables: П1, П2, П3, and П4. 
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Now assume 
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Substitute into the dimensionless form 
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Rearranging 
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Since Π1, Π2, Π3 and Π4 are non-dimensional 

i 

a + c + 1 = 0  -3a + b + 1 = 0  -2c - 2 = 0 

ii 

d + f + 1 = 0  -3d + e + 2 = 0  -2f – 2 = 0 

iii        (Eqn. 3.27) 

g + i = 0   -3g + h + 1 = 0  - 2i = 0 

iv 

j + l = 0  -3j + k = 0  -2l + 1 = 0  

 

Substituting and rearranging 

a = 0   b = -1   c = -1 

d = 0   e = -2   f = -1 

g = 0   h = -1   i = 0  (Eqn. 3.28) 

j = -1/2   k = -3/2  l = 1/2 

Thus 
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The Buckingham Π analysis suggests the force of adhesion is inversely proportional to 

the particle diameter and surface tension and either proportional or inversely proportional 

to the square root of the particle density.  The results of the Buckingham Π analysis 

appear to compare similarly with models in the literature, and informed the design of the 

experiments.  Experimental design considerations included the selection of particle 

diameter sizes, sample treatment for the control of electrostatic forces, and identification, 

evaluation and measurement of the relative humidity. 

 

3.8 Summary 

This chapter described models of forces in adhesion and critical velocity in particle-

surface systems.  I compared models using data from previous experiments using ideal 

and real materials, and developed a scaling analysis to investigate the magnitude of 

different forces, and apply a Buckingham Π analysis to examine relationships on 

dependent variables.  The following conclusions can be made from synthesis of the 

models of the force of adhesion and critical velocity, and the Buckingham Π analysis.   

 

(1) There is a similarity in the trends for each of the force of adhesion models.  Although 

results for the JKR-DMT model are significantly less than the results for the Corn (1961) 

and the sum of the force of adhesion components, the predicted force of adhesion as a 

function of particle diameter are similar.   
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(2) There are opposing trends in plotting two critical velocity models, as a function of 

particle diameter.  The Fuchs (1964) rolling model, and predicts the critical velocity 

decreases as a function of particle diameter, and the critical velocity using the sum of the 

components force-velocity model, predicts the critical velocity of a particle-surface 

system increases as a function of diameter.   

(3) The Buckingham Π analysis suggests the force of adhesion is inversely proportional 

to the particle diameter and surface tension and either proportional or inversely 

proportional to the square root of the particle density.  The results of the Buckingham Π 

analysis appear to compare similarly with models in the literature. 
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CHAPTER 4 

METHODOLOGY 

 

4.1 Introduction and justification of general methods 

Adhesion and detachment in particle-surface systems is not entirely understood, as 

evidenced by adhesion values ranging over five orders of magnitude under similar 

environmental and experimental conditions as described in Chapter 2.  Further, Ziskind et 

al. (1995) reported experimental results do not adequately support current analytical 

models, as described in Chapters 2 and 3.  Since the focus of this research is on particle-

surface adhesion and its impact on indoor air quality, the methods, equipment and 

materials used in this dissertation were designed and selected to quantify particle-surface 

adhesion on indoor surfaces for 0.5 µm, 3.1 µm, 5.0 µm and 9.9 µm diameter PSL 

particles.  This range of particle sizes was selected because it includes likely bioterror 

agents, allergens, and other particles with adverse health effects.   

 

Specifically, this dissertation investigated conditions under which aerodynamic lift forces 

and moments of particles on surfaces in moving air overcame adhesive forces and 

moments, resulting in particle detachment from flooring materials.  This was 

accomplished by using fluorometric analysis to measure the concentration of particles on 

material samples before and after exposure to known air velocities in a test duct.  
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This chapter describes the fluorescent particles (Section 4.2), material samples (Section 

4.3), test procedures (Section 4.4), analysis procedures (Section 4. 5), analysis of 

experimental uncertainties (Section 4.6), and quality control procedures (Section 4.7).  

 

4.2 Fluorescent particles 

Monodisperse polymer fluorescent microspheres were used in this research.  The 

microspheres were made of polystyrene latex (PSL) and had a density of 1.05 g/cm³, and 

a refractive index of 1.59 at 589 nm.  The excitation frequency was 468 nm, and the 

emission frequency was 508 nm.  Four discrete particle diameters were selected over two 

orders of magnitude: 0.5 µm (Duke Scientific G500), 3.1 µm (Duke Scientific G0300), 

5.0 µm (Duke Scientific G0500), and 9.9 µm (Duke Scientific G1000B).   

 

4.3 Surfaces 

Linoleum and wood flooring were selected as sample surfaces for study due to ubiquity 

in modern indoor environments and adaptability to this research (i.e., tolerant of exposure 

to 15 m/s air velocities, isopropyl alcohol (IPA), deionized water (DIW), and prolonged 

agitation).  The linoleum surfaces used in this research were made from linseed oil and 

wood flour, and attached to a paper backing.  The wood flooring used in this research was 

made from pine, with a polyurethane finish containing aluminum oxide.  Carpet was also 
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originally selected for study due its use in modern indoor environments, but due to its 

high fluorescent background and it large surface roughness, its adhesive properties could 

not be evaluated using the techniques in this dissertation.  Table 4.1 lists the surfaces and 

the characteristics tested in this research. 

 

Table 4.1.  Description, background fluorescence and flooring surfaces investigated. 

Material Description Background 

fluorescence 

    [RFU] 

Linoleum Linseed oil, wood flour 30,592 ± 3,510 
Wood Pine, polyurethane finish 5,530 ± 579 
Carpet Synthetic fibers >100,000 

RFU = Relative Fluorescent Units 

 

The roughness of the surface in a particle-surface system can have a significant impact on 

the net adhesion force, and surfaces having only slightly different scales of roughness can 

significantly change the magnitude of particle-surface adhesion (Eichenlaub et al., 2004).  

Surface roughness measurements were attempted with a laser profilometer, but the 

reflectivity of the surfaces prevented and meaningful results.  Visually, the linoleum has 

larger surface roughness elements than the wood flooring. 
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For comparison with flooring materials, gypsum wallboard was also initially selected for 

study in this research.  However, gypsum wallboard absorbed too much IPA during the 

washing procedure, and did not allow enough wash volume to be used for fluorescent 

analysis. 

 

4.4 Description of test procedures 

The procedures and equipment used to seed, expose, transport, wash and analyze samples 

to determine particle-surface adhesion on indoor flooring materials are described below.   

 

4.4.1 Sample preparation 

Material samples measuring 0.3 m × 0.3 m were divided into four equal sections of 0.15 

m × 0.15 m each.  Three of these 0.15 m × 0.15 m samples were exposed after seeding 

and one sample was not exposed for two reasons: (1) to have a fluorescent baseline for 

comparison with the three exposed samples to during analysis; and (2) as a quality 

control check to ensure contamination (most commonly caused by drips of fluorescent 

solution) did not occur during the seeding, exposing or transporting processes.  

Additional quality control measures are described in Section 4.7.  Each piece was cleaned 

with isopropyl alcohol (IPA) with a purity of at least 91% to neutralize any surface 

electrostatic charge and remove any contamination. 
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4.4.2 Seeding 

The goal of the seeding portion of the experiment was to place a known and uniform 

distribution of particles on the test surface.  First, a liquid mixture of 48% IPA and 48% 

DIW was combined with 4% PSL solution (described above in Section 4.1).  DIW was 

selected for the process due to its solvent, evaporative and electrochemical properties.  

IPA and PSL are miscible in DIW, and DIW has a relatively high evaporation rate which 

allowed seeded surfaces to dry quickly.  Further, since DIW has a reduced ion 

concentration, Coulombic effects from contaminants were thus also reduced.  Particle 

density on the surface was calculated to ensure it was less than 1,000 particles/mm2, to 

minimize risks of particle-particle contact during seeding.   

 

The apparatus for seeding consisted of a filtered air supply, a Collison nebulizer and a 

seeding chamber and is depicted in Figure 4.1. 
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Filtered air supply
Collison 
nebulizer

Seeding 
chamber

Sample

Material sample

Figure 4.1.  Schematic of seeding apparatus 

 

Compressed air for the apparatus was dried and filtered with a TSI 3074B filtered air 

supply at a pressure of up to 20 psig.  The filtered air supply was connected between 

supplied air and the Collison nebulizer (BGI MRE CN/25) using Proline compressed air 

tubing. 

 

The Collison nebulizer is a recognized technique for atomizing liquids, where the particle 

solution impacts against the inside of the glass jar via pressurized air to remove the larger 

diameter droplets.  Pressurized air moved aerosolized particles through an outlet valve in 

the top of the nebulizer.  The Collison nebulizer was connected to the seeding chamber 

by Proline tubing. 
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The seeding chamber was constructed of stainless steel and had dimensions of 0.3 m × 

0.3 m × 0.3 m.  The bottom side of the chamber was open, and used to cover samples 

during seeding.  A hole was located in the center of each side of the chamber, including 

the top side.  Each hole was closed during seeding, with the exception of the top and front 

values.  The top hole was used to connect the Collison nebulizer to the chamber such that 

the aerosols generated by the Collison nebulizer could disperse into the chamber as 

uniformly as possible.  The front hole was also open during pilot experiments and during 

seeding to allow for equalization of pressure between the chamber and the outside.  

During seeding, however, the front hole was secured with a filter to ensure PSL particles 

were not released into the indoor environment.   

 

Each seeding event seeded a set of four samples.  One of those samples (the upper left 

sample) was not exposed to a duct velocity and used to estimate the background 

fluorescence as described in Section 4.4.1.  Samples that had visible droplets of PSL 

solution were not exposed in the test duct as described earlier. 

 

4.4.3 Sample exposure  

After seeding, the samples were secured to the floor of the test duct using duct tape and 

the bottom edge of a Pitot tube depicted in Figure 4.1.  A blower on a variable frequency 
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drive was used to regulate the velocity flowing over the surface.  The air velocity, air 

temperature, air relative humidity, and turbulence intensity were measured for each 

sample run.   

 

The test duct was located in an environmentally controlled laboratory with central 

temperature and air control, and was made up of several components, including: pre- and 

post-duct HEPA filters, a motor and blower, a mixing box, and a straight duct section. 

The HEPA filter was placed on the inlet to the test duct to prevent any contaminants from 

entering the air stream.  A HEPA filter was also placed on the outlet of the test duct to 

prevent PSL particles from the sample from contaminating the laboratory.  Figure 4.2 is a 

schematic of test duct and components. 
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HEPA filter and flow meter

Blower

Mixing box

Flow straightener
Vel./RH/T meas. pt.

Sample
HEPA filter

 

Figure 4.2.  Schematic of test duct and components 

 

A Dayton model 4C108 0.27 m blower, powered by a Dayton model 3N592A 1.4 HP, 4.8 

A motor, was used to draw air through the first HEPA filter and into the duct.  Velocity 

control was achieved with a variable frequency drive (General Electric AF-300 CI) that 

controlled electrical power to the motor.   

 

After exiting the fan and a mixing box, the air entered into 0.15 m × 0.15 m straight duct 

section that was approximately 8 m long.  A 0.025 m thick aluminum flow straightener 

(Texas Almet) was located at the front end of the tunnel, and was used to develop fully-

turbulent flow.  The flow straightener had hexagonal cells and was non-perforated. The 
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flow straightener had a flat cell wall to flat cell wall distance of 6.4 × 10-3 m and a cell 

wall thickness of 6.5 × 10-5 m. 

 

After the seeded samples dried in the chamber, samples were removed and either placed 

in temporary storage or exposed in the test duct.  Samples planned for exposure were 

placed 6 m from the mixing box and secured to the bottom of the duct with duct tape and 

the bottom edge of a Pitot tube.   

 

Prior to securing the sample to the bottom of the duct, the fan was energized to the 

desired speed and allowed to come to steady state.  This warm-up took approximately 10 

min, after which the fan was turned off.  Next, the sample was adhered to the bottom of 

the duct, the fan was turned on, slowly brought to the selected air speed, and the sample 

was exposed for five min (300 s).  The five minute exposure time was selected to ensure 

conditions in the test duct (velocity, temperature and relative humidities) were in steady 

state.  This was based on Ibrahim et al., (2003), where they identified the detachment 

fraction of particles adhered to a surfaces remained the same after the air velocity reached 

a constant value. 
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4.4.4 Velocity measurements 

As discussed in Chapter 3, bulk velocity has an impact on particle adhesion.  Velocity 

was measured using two methods.  Air flow was measured with an Energy Conservatory 

TrueFlow Plate (0.52 m × 0.52 m) connected to an Energy Conservatory DG-700 digital 

manometer, and divided by the duct cross-sectional area, including a correction for the 

portion of the duct blocked by the sample, to get the bulk velocity.  This device has an 

accuracy of ±7%.  Velocity in the duct was also measured with a traverse Pitot tube with 

the velocity measured in 9 locations as shown in Figure 4.3.  The Pitot tube was 

connected to an Energy Conservatory DG-700 digital manometer.  The velocity measured 

with this method had an accuracy of ±1%.  The nine points were averaged to get a bulk 

value for comparison with the bulk velocity measured with the FlowPlate. 
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Figure 4.3. Pitot tube sampling locations in test duct. 

 

4.4.5 Sample transport  

After exposure, samples were transported to a different laboratory for fluorometric 

analysis.  To minimize contamination, sample jostling, and exposure to air turbulence, the 

samples were secured to the bottom of a cardboard box using duct tape. 

 

4.4.6 Sample washing 

Samples were first removed from the transport box and placed upside down into an IPA-

cleaned 0.2 m × 0.2 m Pyrex dish.  Any time samples were handled, latex gloves were 
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used to reduce the risk of contamination from contact with human skin oils.  Samples 

were placed upside down in the dish to maximize IPA coverage and particle removal.  

Fifty milliliters of IPA were poured onto the samples and a plastic lid was secured to the 

top of the dish.  Securing the lid to the top of the dish was done to prevent evaporation of 

the IPA and to prevent sample and sample wash contamination from the ambient indoor 

environment.   

 

Samples were then placed on a shaker which was calibrated to minimize risk of IPA 

splashing against the bottom of the lid, resulting in possible contamination or loss of 

sample wash, and maximizing removal of PSL from the sample for collection.  The dish 

and samples were agitated for 30 minutes and removed.   

 

Five 300 µL liquid samples of the sample wash were pulled from the dish using a pipette.  

These wash samples were injected into a Costar black opaque tray and read using a 

BioTek Synergy HT multi-detection micro-plate fluorometric reader.  The excitation 

frequency of the fluorometer was set at 485 nm and the emission frequency was 528 nm.  

The sensitivity was set at 100.  The results were in units of Relative Fluorescent Units 

[RFU].  
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4.5 Fluorometric analysis procedure 

To compare fluorometric results from one sample to another, eliminate sample 

background fluorescence, and control for variations between seedings, the normalized 

fluorescence, F, was calculated using the relationship in Equation 4.1  
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UUSE
F

−

−
=   (Eqn. 4.1) 

Where SE is the seeded and exposed sample result, UU is the unseeded and unexposed 

sample result, and SU is the seeded and unexposed result.  SE values came from exposed 

samples using the procedures described above, UU values were calculated as averages 

from at least eight material samples that were not seeded or exposed, and SU values were 

calculated from the one seeded but not exposed sample from each seeding of four 

samples.   

 

F values were calculated for two or three samples for each exposure velocity.  Additional 

repetitions were calculated when F for repetitions at the same velocity did not overlap or 

when obvious contamination during seeding or transport occurred.  
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4.6 Analysis of experimental error 

To quantify standard error for experiments in this research, sources of uncertainty were 

identified and evaluated.  The principal sources of uncertainty included differences in 

seeding, instrument uncertainty, washing efficiency, experimental repetitions, and 

multiple fluorometric measurements.   

 

The uncertainty of F calculated from Eqn. 4.1 using error propagation, results in Equation 

4.2 
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Where SUσ  is the uncertainty of seeded and unexposed samples, UUσ  is the uncertainty 

of the unseeded and unexposed samples, and SEσ  is the uncertainty of the seeded and 

exposed samples.   

 

Sources of error for unseeded and unexposed samples included uncertainty in shaking 

and agitation, ambient contamination, variation in solution volumes, and fluorometer 

errors.  Sources of error for seeded and unexposed samples included the sources of error 
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for unseeded and unexposed samples, plus differences in solution concentrations, tube 

loss differences during seeding, micro-droplet contamination during seeding and inter-

sample uncertainty.  Sources of error for seeded and exposed samples included sources of 

uncertainty for unseeded and unexposed samples, sources of uncertainty for seeded and 

unexposed samples, plus variations in duct geometry, sample placement within the duct, 

and sample handling and transport.    

 

4.7 Quality assurance and control procedures 

Quality assurance and control procedures were used to ensure validity and reliability of 

each of the experimental procedures, and to anticipate, identify, evaluate and manage any 

possible negative impacts to data integrity.  Quality assurance and control procedures 

were created and executed for background fluorescence (4.7.1), particle size (4.7.2), 

seeding distribution bias (4.7.3), seeding sample contamination (4.7.4), neutralizing 

electrostatic effects of particles and surfaces (4.7.5), experimental repetitions (4.7.6), 

sample transport (4.7.7), and fluorometer calibration (4.7.8). 

 

4.7.1 Background fluorescence 

Each surface type had its own fluorescence based upon its components.  In order to 

determine how much seeding was required to acquire a usable fluorescent signal, the 

background fluorescence of each surface type was measured.  The background 
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fluorescence of each surface type was determined by performing a routine experimental 

procedure on an unseeded, unexposed sample, including wiping the sample down with 

IPA, transporting it to the fluorescence lab and washing and agitating the sample in IPA 

for 30 minutes.  Five 300 µL aliquots were drawn from the wash solution and analyzed in 

the fluorometer.  The background fluorescence for each surface type is in Table 4.1. 

 

4.7.2 Verification of particle size 

The particle diameter has a significant impact on the adhesion between a particle and 

surface.  It was important to ensure the particles generated in the Collison nebulizer were 

of a consistent and known diameter.  Of special concern was the impact of PSL particles 

adhering to each other resulting in an increased particle size.  An aerodynamic particle 

sizer (APS) was used to measure the particle size and the consistency of the particle size 

under conditions identical to conditions during experiments.  The APS used during 

verification was a TSI model 3321 spectrometer, and was attached to the front hole of the 

seeding chamber via Proline tubing.  Particles were generated using the Collison 

nebulizer and moved to the seeding chamber.  Each of the holes on the sides of the 

chamber were closed, except the hole in front.  Six parameters were measured during 

sizing.  These parameters included the median, mean geometric mean, mode, geometric 

standard deviation and total concentration.  Particles were found to be monodisperse and 

consistent with their labeled sizes. 
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4.7.3 Seeding distribution bias 

Knowing the relative amount of PSL particles seeded on each sample was critical for 

determining particles removed during exposure to velocities in the test duct.  Since four 

samples per set were seeded at the same time, and one of those samples was used as a 

control, it was important to ensure each sample received a uniform distribution of PSL, or 

if there was a non-uniform distribution of PSL, it could be identified and corrected for 

during analysis.  Table 4.2 shows examples of the particle distribution for the four 

samples (UL=upper left, etc.) for three sets of particle size/material combinations.  For all 

results, the variation between samples was typically less than 10 %.  This variation was 

accounted for in σsu as described in Equation 4.2. 

Table 4.2. Quality assurance/quality control results for 3.1, 5.0 and 9.9 µm diameter PSL 
particles on wood and linoleum. 

 
Particle diameter Material Average  UL UR LL LR 

 [µm]    [RFU]   [%] [%] [%] [%] 

 
 3.1  Linoleum 30,592   -15 -1.3 +12 +4.1 
 5.0  Linoleum 57,844   -3.3 -1.7 -3.5 +8.6 
 9.9  Wood  32,788   +13 -10 +4.8 -7.5 
 

4.7.4 Eliminating samples with visible contamination 

As mentioned in the preceding section, knowing the amount of PSL particles on each 

sample was crucial in determining the critical velocity for each surface type and particle 

diameter.  Due to the configuration of the Collison nebulizer, the tubing and the seeding 

chamber, and the need to maximize seeding efficiency, there was significant risk of 
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droplets of IPA/DIW/PSL condensing inside the tubing and on edges inside the chamber 

and falling onto the samples.  This contamination resulted in not only a non-uniform 

distribution of PSL particles on samples, but also resulted in fluorometric values too large 

to be read by the fluorometer.   

 

To minimize the risk of this type of contamination, two procedures were used.  The first 

procedure was to run a test sample after reconfiguring the Collison nebulizer-tubing-

seeding chamber for each particle size.  The second was to optically view each set after 

seeding to identify any obvious droplets or dried areas of PSL particles.   

 

4.7.5 Neutralizing particle and surface electrostatic charge 

The electrostatic force is a function of the Coulombic charge on each particle and the 

surface, and can have a significant impact on the net adhesion force.  The electrostatic 

force can also be very difficult to control and measure.  To minimize and control the 

effects of the electrostatic force, each sample was wiped down with IPA prior to seeding, 

not only to remove any ambient environmental contamination, but also to neutralize any 

electrostatic charge in the surface.  
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4.7.6 Additional experimental repetitions 

To ensure validity and reliability of data, a repetition procedure was used that aided in 

identifying unknown sources of error (i.e., contamination) on the sample.  At each 

velocity, for each particle size and surface type, at least two data points had to fall within 

each other’s uncertainty to be considered valid and reliable.  Approximately 20% of the 

time, the uncertainties of fluorometric results for a discrete velocity did not overlap.  

When this occurred and when possible, at least one more sample was seeded and exposed 

to the discrete velocity, and analyzed.   

 

If the uncertainties of the most recent sample and one previous uncertainty overlapped, 

the measurement was considered valid.  If the uncertainty of the result of the most recent 

sample did not overlap any of the previous results’ uncertainties, the procedure would be 

repeated.  This iterative process was used, where possible, until all velocities for each 

particle diameter and surface type had at least two results with overlapping uncertainties.  

 

4.7.7 Verification of impact of sample transport  

Fundamental to determining the critical velocity for each surface was the amount of PSL 

particles on the surface before and after exposure to velocities in the test duct.  Therefore, 

it was crucial to ensure the integrity of the sample, especially between exposure and 

analysis.  One of the risks to sample integrity was transport.  While transporting samples 
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from the seeding/exposing laboratory to the fluorometry laboratory, samples were at risk 

of losing PSL particles due to accelerations and uncontrolled agitation.  This risk was 

found to be negligible using the following procedure.   

 

Two sets of samples were exposed to similar concentrations and times of PSL sphere.  

Both samples were transported from the seeding/exposure laboratory to the fluorometry 

laboratory, but only one sample was removed.  The remaining sample made another trip 

to the seeding/exposure laboratory, and brought back to the fluorometry laboratory the 

next day.  Thus one set had twice as much exposure to the risks of transport.  Upon 

analysis of both sets, it was discovered both sets had similar fluorometric results.  

Exposure of one set to twice the risk of transport had no impact on the fluorometric 

results.   

 

4.7.8 Fluorometer calibration 

Critical to quantifying the critical velocity of fluorescent particles on surfaces was the 

ability to accurately measure the fluorescence of the IPA/PSL solution after washing 

samples.  Prior to measuring this solution, the fluorometer was turned on and a 

preliminary diagnostic run to ensure all major components were functional and operating 

within nominal limits.  Clean and empty trays (Costar, 96-well, black with opaque 

bottoms) were inserted into the fluorometer and read before and after each time 
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experimental measurements were conducted.  The settings, including wavelengths and 

sensitivity, were identical during calibration as during actual experimental measurements.   

 

The quality of the IPA used during washing was assured by pipeting five 300 µL aliquots 

into cleaned and empty tray and measuring the fluorescence before each experimental 

measurement.  This technique was also used to assure the dishes used during wash were 

adequately cleaned. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 Introduction 

This chapter introduces and discusses the results from the experiments, and the 

implications these results might have in the field of indoor air quality.  Specifically, 

Section 5.2 presents the results from the experiments for each material and particle 

diameter investigated.  In Section 5.3, a plot of the critical velocity for both surfaces, 

linoleum and wood flooring, as a function of particle diameter, with a discussion of 

results, comparison of materials and particle sizes, is presented.  In Section 5.4, a 

comparison with other work in the literature, and how the results from this research fill in 

a gap in the literature in the field, is discussed.  Results from this research are also 

compared with the scaling analysis described in Chapter 3.   

 

Implications for this research are described in Section 5.5, including a discussion on what 

types of particles would likely be resuspended, and from what surfaces and under what 

conditions. 
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5.2 Critical velocity 

This section introduces and discusses the results for 3.1 and 5.0 µm PSL on linoleum and 

wood flooring.  All sample exposures occurred at air relative humidities of between 68% 

and 74%.  Consistent and known relative humidities are potentially important to adhesion 

given the results of Corn (1961).  The last part of this section describes the challenges 

encountered using 0.5 µm and 9.9 µm PSL particles on linoleum and wood flooring in 

support of this research.   

 

Figure 5.1 plots the relative fluorescence, F, of the 3.1 µm seeded and exposed linoleum 

samples as a function of the velocity, v, to which those samples were exposed.  The 

results of a sample with a relative fluorescence value of one indicate that no particles 

were removed during exposure in the test duct.  A sample with the relative fluorescence 

value of zero indicates that at least as many particles detached from the sample so as not 

to be distinguishable from background.  In accordance with the procedures outlined in 

Chapter 4, repetitions were often completed if the uncertainties from the results of 

samples at a specific velocity did not overlap, or had to be discarded due to 

contamination. 

 

Regarding data analyzed, but not used in the determination of the critical velocity, the 

discrimination between used and unused results in the determination of the critical 
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velocity for 3.1 µm PSL particles on linoleum is shown in Figure 5.1 (as well as in 

Figures 5.2 through 5.4) as filled data points with associated uncertainty and unfilled data 

points without uncertainties, respectively.  Examples of samples that were assumed to be 

contaminated and not analyzed included samples that had visible droplets of PSL after 

seeding, and samples that detached from the bottom of the test duct surface during 

exposure.  Results of samples that had no obvious sources of contamination between 

seeding and analysis, but did have an uncertainty that did not overlap at least one other 

sample for a specific velocity, were assumed to be contaminated and not used in 

subsequent plotting.   
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Figure 5.1.  Results from linoleum samples seeded with 3.1 µm PSL particles.  Filled in 
data points were used in the calculation of the line.  Unfilled data points were analyzed 
but not used in the calculation of the line, and explained in the text. 

 

Since the critical velocity is the principal independent variable in this research, a robust 

definition is needed.  A linear regression of the used data was performed, and the slope 

and y-intercept calculated.  All data from when the highest velocity where F ≈ 1 and the 

lowest velocity where F ≈ 0 was included in this regression, except where the samples 

were contaminated or results did not have overlapping uncertainties.  The value from the 

regression where F = 0.5 was defined as the critical velocity, vc.  The velocity of the 
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uncertainty was determined by propagating the uncertainties of the y-intercept and the 

slope of the generated line.   

 

It should be noted the values of uncertainty for velocities near the critical velocity were 

greater than for those velocities not near the critical velocity.  It was observed that for 

samples with F- values ≈ 0 or 1, the variation of the results was small compared to the 

variation of results near the critical velocity.  This was a result of uncertainties associated 

with variations in exposure conditions (i.e., slightly different placement of samples within 

the test duct, small misalignments connecting the forward and rear test duct sections) 

being much less than the uniformity of the results from velocities significantly below the 

critical velocity or significantly above the critical velocity.  Data from samples near the 

critical velocity appeared to be much more sensitive to small variations in exposure 

conditions, and had to be repeated more frequently to obtain robust and consistent results.  

 

This procedure was used to determine the critical velocity and the respective uncertainty 

for both surfaces, and for each used particle size.  Using this procedure, for linoleum 

seeded with 3.1 µm PSL spheres, the critical velocity, vc, is 8.3 ± 0.6 m/s.   
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Figure 5.2 shows the results from wood flooring samples seeded with 3.1 µm PSL 

particles.  For wood flooring, using 3.1 µm PSL spheres, the critical velocity, vc, was 

determined to be 9.7 ± 9.9 m/s. 
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Figure 5.2.  Results from wood flooring samples seeded with 3.1 µm PSL particles. 

 

It is important to note that the slopes of the lines generated for linoleum (m = -0.61) and 

wood flooring (m = -0.09) are nearly an order of magnitude different, and consequently 

have a direct impact on the propagation of uncertainty of the critical velocity.  Further, 

since only approximately one half as many samples were analyzed for the wood flooring 

versus the linoleum, the uncertainty of the slope and y-intercept was significantly greater 

than the uncertainty of the slope and y-intercept of the line in Figure 5.1.  Since the 
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uncertainty of the velocity was generated by propagating the uncertainties of the slope 

and y-intercept, the uncertainty of the critical velocity of the wood flooring is 

substantially greater.   

 

Figure 5.3 is a plot of the results from linoleum samples seeded with 5.0 µm PSL 

particles.  For linoleum, using 5.0 µm PSL spheres, the critical velocity, vc, was 

determined to be 6.2 ±2.3 m/s. 

-0.25

0

0.25

0.5

0.75

1

1.25

5 5.5 6 6.5 7 7.5

R
el

at
iv

e 
fl

uo
re

sc
en

ce
, F

Velocity, v [m/s]

vc

 

Figure 5.3.  Results from linoleum samples seeded with 5.0 µm PSL particles. 
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Figure 5.4 is a plot of the results from wood flooring samples seeded with 5.0 µm PSL 

particles.  Using the procedures described in the previous paragraphs, the results for 

wood flooring seeded with 5.0 µm PSL particles indicate the critical velocity, vc, is 5.7 

±3.0 m/s. 
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Figure 5.4.  Results from wood flooring samples seeded with 5.0 µm PSL particles. 

 

Comparing Figures 5.1 and 5.2, the slope of the line in Figure 5.1 is greater than six times 

the slope of the line in Figure 5.2.  The dissimilarity in the slopes in Figures 5.1 and 5.2 

may be contributable to the difference in the sample resolution.  Additional sampling 
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around F ≈ 0.5 may reveal a more sharply defined region where particles resuspend, a 

feature seen in Figures 5.1, 5.3 and 5.4.   

 

A review of the range of velocities used to determine relative fluorescence for each 

particle diameter and flooring material may have an impact on the difference in the slopes 

as well.  The range of velocities for linoleum seeded with 3.1 µm PSL particles was 1.5 

m/s.  The equivalent for wood flooring was 6.0 m/s.  Additional sampling using a smaller 

range of velocities may also reveal a more sharply defined region where particles 

resuspension occurs.   

 

A comparison of the range of velocities for each particle diameter and surface material 

reveals a strong correlation (R2 = 0.881) between the range of velocities and the slope.  

This suggests having similarly sized velocity ranges may have an impact on the 

determination of the slope and the uncertainty. 

 

For 3.1 µm PSL particles, the ratio of linoleum and wood flooring critical velocities is 

0.86±0.88.  For 5.0 µm PSL particles, the ratio is 1.08±0.7.  This indicates the ratios are 

statistically the same.  Since the uncertainty of the critical velocity for 5.0 µm on 

linoleum is on the same order of magnitude as the actual value, more sampling should be 
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completed in a range similar to the range of linoleum seeded with 3.1 µm PSL particles.  

Comparing critical velocities for a particular flooring material for each particle size, for 

linoleum, the ratio of the critical velocities for 3.1 µm and 5.0 µm PSL particles is 

1.3±0.5.  For wood flooring, the ratio of critical velocities for 3.1 and 5.0 µm PSL 

particles is 1.7±2.0.  A possible solution to determine if this is a statistical artifact, or if 

this is a function of a physical parameter, for example, surface energy and roughness, 

would be to sample with similar frequency as previous experiments, and within a similar 

range of velocities as wood flooring seeded with 3.1 µm PSL particles.   

 

The relative fluorescence for 0.5 µm PSL particles on linoleum for 0 < v ≤ 14 m/s is 

shown in Figure 5.5. 
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Figure 5.5.  Relative fluorescence for 0.5 µm PSL particles on linoleum for 0 and 14 m/s 

 

There was no significant difference between seeded and unexposed samples seeded with 

0.5 µm PSL particles and seeded samples exposed to 14 m/s for 300 s.  This suggests the 

velocities needed to resuspend particles for diameters are greater than 14 m/s.  Several 

reasons may explain this phenomenon, including less chance of exposure to turbulent 

bursts from fully developed flow in the test duct, surface tension and electrostatic force.  

Since smaller particles extend further away from the laminar boundary layer in fully 

developed flow, there may be less chance of exposure to a turbulent burst with enough 

energy to overcome the adhesion energy and entrain the particle into the flow.  Further, 
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particles with smaller diameters may have a closer charge distance to the surface than 

particles with larger diameters.  Thus, if a particle with a smaller diameter did have a 

charge, the magnitude of the Coulombic force would be larger, as a function of the square 

of the distance, than for particles with larger diameters.  This larger Coulombic force 

would contribute to the net particle-surface adhesion, and result in a greater critical 

velocity.  The effect of surface tension on smaller diameter particles may also play a 

more significant role in adhesion, since for a smaller diameter particle, a smaller mass 

would exist.   

 

Seeding, exposing, washing and analyzing surfaces seeded with 9.9 µm PSL particles 

was difficult.  Successful seeding using his particle diameter was sensitive to negotiating 

curves and angles in the Collison nebulizer and Proline tubing.  Successful seeding of one 

set of wood flooring was accomplished, and resulted in an average fluorescence 5.9 times 

background indicating the future experiments with 9.9 µm particles, particularly for wood 

flooring, are possible.   
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5.3 Critical velocity as a function of particle diameter 

Figure 5.6 is a summary of the data compiled from Figure 5.1 through Figure 5.4.  The 

critical velocity for each material, both linoleum and wood flooring, is plotted against the 

particle diameters, 3.1 and 5.0 µm. 
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Figure 5.6.  Critical velocity of linoleum and wood flooring as a function of particle 
diameter from this study. 

 

Figure 5.6 reveals the following characteristics: (1) For both materials, the critical 

velocity for both materials decreases a function of particle diameter, which supports the 

hypothesis of this research and some similar work in the literature; (2) The slope of the 
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line that describes the critical velocity as a function of particle diameter for wood flooring 

is steeper than that of linoleum.  This suggests the critical velocities are also function of 

the surface roughness and surface energies for linoleum and wood flooring.  The 

literature suggests a decrease in adhesion with an increase in surface roughness.  Another 

explanation could be a difference in turbulence intensity.  The literature also indicates an 

increase in turbulence intensity would result in lower critical velocities, due to increase 

magnitude and frequency of turbulent bursts.  Quantification of the surface roughness and 

turbulence intensity for both linoleum and wood flooring would be required to test this 

idea.   

It is important to note the magnitude of the uncertainty of the critical velocity for wood 

flooring samples.  Since one half as many samples were analyzed for the wood flooring 

versus the linoleum, particularly around the critical velocity, the uncertainty of the critical 

velocity of the wood flooring is substantially greater.  The logarithmic scale used in 

Figure 5.6 highlights the magnitude of the uncertainty for wood flooring, especially the 

lower uncertainty bound. 

 

5.4 Comparison with other work in the literature 

From Chapter 2, the critical velocities of particle-surface systems as function of particle 

diameter and relative humidity from studies listed in Section 2.2 are re-presented in 

Figure 5.7 and compared with the results in Figure 5.6.   
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Figure 5.7.  Critical velocities as a function of particle from this study. 

 

Other factors that may have contributed to lower critical velocities in this study include 

turbulence intensity and surface energy.  The fully developed turbulence in the test duct 

used in this study, coupled with possible edge effects and surface features of the sample, 

may have generated turbulence not experienced in other investigations.  Further, the 

surface energies and roughnesses of these materials used in this study may have been less 

than the alumina particles and glass surface used in Theerachaisupakij et al. (2002), 

contributing to the lower critical velocities.  A comparison of the Hamaker constants and 
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surface energies for these surfaces would also be useful in determining their impact on 

the critical velocities.  However, these parameters are not typically known for real 

surfaces. 

The critical velocities as a function of particle diameter from models presented in Chapter 

3 described are presented in Figure 5.8, and compared with the results from Figure 5.6. 
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Figure 5.8.  Critical velocities of particle-surface systems as described by this study, 
Fuchs (1964), v Fuchs (1964) (solid line), and the scaling analysis, vScaling analysis (dashed line), 
using the sum of adhesion components described in Section 3.2.5 

 

A comparison of the results in Figure 5.6 with values in Figure 5.8 indicates 3.1 µm and 

5.0 µm PSL particles resuspend from linoleum and wood flooring velocities smaller than 
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that predicted by Fuchs (1964) but greater than that using the sum of the adhesion 

components.  The dependence of critical velocity on particle diameter is consistent with 

the model of Fuchs (1964) which suggests that the particles may initially roll on the 

surface before resuspending, rather than immediately suspend from a static state as is 

considered by the scaling analysis.  The causes for results from this study being greater 

than that predicted in the sum of adhesion components could include: different Hamaker 

constants; underestimation of electrostatic charges on surfaces and particles; and the 

impact of surface tension.  Since the Hamaker constant is known only for a limited 

selection of solid materials, the Hamaker constants for linoleum and wood flooring may 

be significantly larger than those selected for the scaling analysis in Chapter 3 purposes.  

In these experiments, the effects of the electrostatic force were minimized by treating the 

surfaces with isopropyl alcohol before seeding and exposure.  However, the time between 

seeding, exposure and washing could have allowed the seeded samples enough exposure 

time to enough ions in ambient air to develop a surface charge, thereby increasing the net 

adhesion. 

   

These results fill in an important gap in the literature in the field (i.e., non-ideal and 

indoor surfaces) and may serve as a starting point for future study for other flooring 

materials and other indoor surfaces. 
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5.5 Implications of this research 

Based upon the results, the types of particle that would likely be resuspended are larger 

particles, and from rougher surfaces.  Resuspension is likely to occur indoors near 

sources velocities that meet or exceed critical velocities.  These may include areas of a 

floor where heavy traffic occurs, near sources of air flow, including ceiling fans, air vents 

and registers and doors and windows.  Implications for human exposure include two-fold: 

(1) if air contaminant models do not include reasonable values for resuspension, exposure 

to particles may be underestimated; (2) since it appears smaller particles have a larger 

critical velocity than larger particles, and based upon the literature, smaller particles 

appear to penetrate deeper into lung tissue, exposures may be less than predicted.   

Future work should include the following: (1) verification of results with larger 

uncertainties; (2) extension of study to smaller and larger particle diameters; (3) 

extension of study to different flooring and other indoor material; (4) particles with 

different shapes and roughness.  
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Chapter 6 

Conclusions 

 

The following conclusions can be made based on the material in Chapter 2: (1) As 

relative humidity and particle size, so does the magnitude of particle-surface adhesion, 

whereas as surface roughness increases, the magnitude of particle surface adhesion 

decreases; (2) both adhesion force and critical velocity have a wide range of results in the 

literature; and (3) adhesion is also a function surface contamination, surface 

microstructure, and substrate and particle composition. 

The following conclusions can be made based on the material in Chapter 3: (1) There is 

similarity in the trends for each of the force of adhesion models, and although results for 

the JKR-DMT model are significantly less than the results for the Corn (1961) and the 

sum of the force of adhesion components, the predicted force of adhesion as a function of 

particle diameter are similar; (2) The trends in the two studied critical velocity models are 

dissimilar Fuchs (1964) rolling model predicts that the critical velocity decreases as a 

function of particle diameter, whereas the critical velocity using the sum of the 

components, predicts the critical velocity of a particle-surface system increases as a 

function of diameter; (3) The scaling analysis suggest that, for all but the most humid 

environments, van der Waals forces are the largest component of the adhesion force; and 

(4) the Buckingham Π analysis suggests the force of adhesion is inversely proportional to 

the particle diameter and surface tension and either proportional or inversely proportional 

to the square root of the particle density. 



94 

 

 

From Chapters 4 and 5: (1) experimental results suggest the critical velocity decreases as 

a function of particle size for linoleum and wood flooring; (2) these results are consistent 

with, although slightly less than, similar values in the literature; (3) the values of these 

results are less than the values predicted by Fuchs (1964), although they trended 

similarly; (4) the values of these results are greater than the values predicted by the 

scaling analysis and have the opposite dependence on particle diameter. 

 

Applications for this effort include: (1) improved mass-balance modeling of indoor air 

pollutant concentrations; (2) improved recommendations for anticipation, identification 

evaluation and control of indoor particles; (3) improvement of predictions of 

contaminated indoor surfaces and spaces; and (4) improvement of management of health 

risks associated with exposure to indoor particles due to better exposure and dose 

estimates.   
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